This study investigated the relation between local cerebrocortical oxygen tension (Po2) and cerebro cortical microflow (CMF) during normoxia (FP2 = 0.3) and hypoxic hypoxemia (FP2 = 0,16 and 0, I). Measure ments were performed on mechanically ventilated rats and rabbits anesthetized with 0.8% Ethrane and main tained within normocapnic limits. Polarographic tech niques based on the use of multiwire surface electrodes were applied for measurements of local P02 and CMF. In both species the mean tissue P02 values were similar under normoxia (26.0 and 31.5 mm Hg for rats and rabbits, respectively). CMF histograms showed pro nounced heterogeneity. The highest CMF values ex ceeded the lowest ones by a factor of 36 in the rat and by a factor of 26 in the rabbit. Mean CMF values were 6.67 ± 0.72 and 4.09 ± 0.14 relative units (for definition see text) in rats and rabbits, respectively. During hypoxemia, if the mean tissue P02 was >5 mm Hg, mean CMF did not
Increase in global and regional CBF during suffi ciently deep hypoxic hypoxia is very well docu mented in both humans (Kety and Schmidt, 1948; Cohen et aI., 1967) and different experimental species (Borgstrom et aI., 1975; Heistad et aI., 1976; Tr aystman et aI., 1978; Wagerle et aI., 1983) . This hyperemia, which represents a homeostatic mechanism tending to adjust oxygen supply to its demand when arterial oxygen content and tension fall, is observed regardless of any concomitant al terations in CO2 tension (Traystman, 1983) . The ef fect of low arterial oxygen pressure on CBF seems to be a threshold phenomenon. Measurable CBF change but a change in the pattern of microflow distribu tion was observed with increases in some CMF values (up to 670% of control) and decreases in others (down to 12% of control). When mean tissue POz values of <5 mm Hg were observed during hypoxemia, mean CMF in creased in both species by �50% on average. The in crease in CMF could be seen in each individual CMF re cording. We conclude that in the brain cortex local regu latory mechanisms are responsible for the change in the pattern of distribution of microcirculation during mod erate tissue hypoxia. The same or similar mechanisms produce an increase in microflow if the local tissue P02 falls below a critical level. Our experiments show that this critical level lies within the range of 0-5 mm Hg. Key Words: Cerebrocortical microflow-Hydrogen clearance -Multiwire surface electrodes-Rabbits-Rats Tissue Po2. increase has been observed at a PP2 lower than 50 mm Hg (McDowell, 1966; Kogure et aI., 1970) .
Application of autoradiography, which enables local measurements of blood flow within small volumes of tissue, revealed that the increase in CBF during hypoxic hypoxemia is not uniform and depends on the local metabolic rate (Smith et aI., 1983) . When, what seems to be teleologically rea sonable, hypoxic CBF response depends on local metabolic rate, i.e., is regulated at a strictly local level, then the question arises of how microflow changes correlate with tissue oxygen tension during hypoxia. The present experiments were undertaken in an attempt to answer this question by measuring cerebrocortical microflow (CMF) and oxygen ten sion (Po2) on the surface of the brain cortex during normoxia and at different levels of normocapnic hypoxia. Preliminary results of these experiments have been already presented (Kozniewska et aI., 1985) .
MATERIALS AND METHODS
Capillary blood flow and oxygen tension were studied on the surface of exposed brain cortex by means of po larographic measurements with multiwire surface elec trodes according to Kessler and Lubbers (1966) . The eight individual cathodes were randomly distributed and the catchment volume was so small (hemispherical volume of diameter of 35 f.lm) (Kessler et aI., 1986 ) that when the electrode was rotated about the central axis, the likelihood of measuring in the same spot twice was negligible. To obtain the distribution of oxygen tension in the tissue, the electrode was moved 13 times within the measuring field by rotation about the central axis. On the basis of these 104 individual measurements, a P02 histo gram was constructed with the aid of a DEC LSI 11/2 computer (Kessler et aI., 1986) .
Capillary blood flow was measured by means of hy drogen, which was introduced to the tissue through inha lation and the washout of which was measured using a multiwire surface pH2 electrode. The method, originally introduced by Aukland et al. (1964) , was developed in this form by Krumme et al. (1975) and modified by Har rison et al. (1985) . To measure CMF values, the inhala tion bolus of 30% H2 was given for 15 s and a subsequent washout was recorded using a Digital Equipment PDP 11/34 computer and stored for further analysis (Eller mann et aI., 1984) . Each curve was measured by the indi vidual wires of the electrode. Since the catchment zone of a single wire was a hemisphere with a radius of -35 f.lm, each curve represented the flow within this volume. CMF values were calculated with the aid of the computer from the initial slope (measured over 15 s) of the semilog arithmic washout curve starting 8 s after the peak pH2 value had been reached, according to the formula (Har rison et aI., 1985) CMF= t:.t and expressed in relative units. This formula is derived from the Fick principle using the model of Kety and Schmidt (1948) whereby the rate of change of indicator concentration is proportional to the blood flow per tissue volume, normally given in terms of milliliters per 100 g per minute. This model assumes the existence of certain ideal boundary conditions that are only partly met under real in vivo conditions. For this reason, since no better theoretical model as yet exists to enable absolute quantification of values, the term "rela tive units" is used throughout this article (Harrison et aI., 1985; Kessler et aI., 1986) .
To obtain a CMF histogram, at least five hydrogen clearances were performed, moving the electrode within the measuring field between each clearance to obtain a minimum of 40 CMF values.
The electrodes were supported so that the weight was counterbalanced on a micromanipulator. This enabled the rotation of the electrode within the measuring field for both O2 and microflow distribution measurements.
Experimental procedure
The experiments were performed on male Wi star rats (300-350 g) and on male rabbits (2.2-3.4 kg) anesthe tized prior to surgery with chloral hydrate (0.8 ml/lOO g body wt i.p. of 3.6% chloral hydrate in aqueous solution) and pentobarbital (Nembutal; 35 mg/kg body wt i.v.), re spectively. After tracheotomy each animal was paralyzed with pancuronium (0.05 mg/kg i. v.) and mechanically ventilated with a mixture of N20 and O2 at an FP2 of 0.3.
The abdominal aorta was cannulated via a femoral ar tery for continuous arterial blood pressure recording (strain gauge Statham transducer). The other femoral ar tery and vein were cannulated for collection of blood samples for determination of arterial blood gas/acid-base status (lL 1302) and hematocrit (micromethod) and for administration of medication and infusions. The animal was then turned to the prone position, the head was placed in a holder, and a midline incision was made in the scalp. The skin and muscles were resected and a craniec tomy (1 x 1 cm) was carried out over the temporopa rietal cortex using a saline-cooled dental drill. The cra niectomy, subsequent dura vessel ligation (rats), and dura incision were performed under the operation microscope. The operative field was superperfused with warm (37°C) mock CSF (Edvinsson et aI., 1975) equilibrated with a gas mixture containing 5% CO2 in N2.
Immediately after incision of the dura, the electrode for oxygen tissue measurements was placed on the brain cortex. At this stage of the experiment, anesthesia was induced with 0.8% Ethrane. The exposed brain cortex was always covered by either the oxygen or the hydrogen electrode throughout the experiment.
Brain temperature was monitored with a thermistor probe and maintained between 37 and 38°C. Rectal tem perature was kept constant at 38°C.
Blood gas analysis was performed at regular intervals during the experiments. The animals were kept normo capnic by appropriate adjustment of ventilatory param eters during the experiment.
The following protocol was used. During the control period (FP2 = 0.3), local P02 values were measured to obtain a control P02 histogram. The P02 electrode was then replaced by the H2 electrode to measure the CMF distribution.
After the normoxic control measurements, the H2 elec trode was left in the same position and hypoxemia (FP2 = 0.16 or 0.1) was induced. After 5 min of hypoxia, CMF was measured once again and the values were compared. The pH2 electrode was then replaced by the P02 electrode for the purpose of measuring the oxygen tension distribu tion during hypoxia. The ventilation gas mixture was then returned to an FP2 of 0.3. The metabolic acidosis, which invariably persisted after the return to normoxia, was corrected by appropriate intravenous infusion of sodium bicarbonate.
The next control P02 measurement was performed at least 30 min later. If this posthypoxic control P02 histo gram was shifted to the left in comparison with the first one, then the experiment was terminated at this point. No more than two hypoxic exposures (FP2 = 0.16 and 0.1) were performed in any given experiment. Hypoxic exposure lasted between 15 and 20 min.
All subsequent values are presented as means ± SEM. Statistical analyses were performed using paired (intra group differences) or unpaired (betwen-group differ ences) t tests as appropriate. Statistical significance of the changes in the pattern of CMF distribution was as sessed by analysis of variance of the distribution curve with the help of the F test. Distribution curves were con sidered to be significantly different at p < 0.05.
RESULTS
CMF and tissue P02 values during normoxia from different normoxic control groups were pooled sep arately for rats and rabbits ( Fig. 1a and b, respec tively).
CMF during normoxia was heterogeneous in both species (Fig. I) . The mean CMF value was 6.67 ± 0.72 relative units (range 0.64-23.64) in the rat and 4. 09 ± 0. 14 relative units (range 0.38-9.89) in the rabbit. The proportion of the lowest CMF values (CMF < 1.0 relative unit) in the CMF distri bution curve amounted to 0.6 and 0.4% of all values in the rat and in the rabbit, respectively (Fig. I) .
Heterogeneity of CMF was seen not only in the overall population of curves recorded in the same animal, but also among individual curves obtained during the same clearance measurements (Fig. 2) . Repeated measurements at IS-min intervals over a I-h period at exactly the same location revealed maximal fluctuations in CMF of ± 2S% compared with the initial value. In this respect, each indi vidual channel reacted independently (within a given clearance, both increases and decreases were observed).
The initial mean tissue P02 value was 26. 0 mm Hg in the rat and 31.S mm Hg in the rabbit. In both species P02 values were distributed over a rather wide range. The highest P02 values were almost equal to the arterial Po2• The proportion of the lowest P02 values (between 0 and 2.S mm Hg) was 2.S% in the rat and 3% in the rabbit (Fig. 1) .
Changes in the systemic variables during hypoxia (Table 1) included a slight progressive metabolic acidosis as indicated by a decrease in pH and un changed Paco2. MABP tended to decrease, particu larly in grade III hypoxia. CMF alterations during hypoxemia were related to the resulting decrease in tissue Po2. In the rat during grade I hypoxia (Po2 = 14. 0 ± 0.9 mm Hg, Pao2 = 42. 0 ± 3.9 mm Hg), mean CMF did not change significantly. There was a change only in the pattern of microflow distribu tion; i.e. , some CMF values increased, whereas others decreased. The redistribution ranged from a decrease by 6S% to an increase to 28 1 % above ini tial values. Similarly, during grade II hypoxia (Po2 = 8.7 ± O.S mm Hg, Pao2 = 3S.9 ± 2.3 mm Hg), a change in the pattern of microflow distribution was observed only within a range of + 673 to -88% of normoxic CMF values. Mean population CMF re mained unchanged (Fig. 3a ). In this case 22% of P02 values were lower than 2.S mm Hg and 34% of CMF values increased. In the last grade of hypoxia (Po2 = 3.3 ± 0.7 mm Hg) with the same Pao2 as in grade II, a significant increase in mean CMF was observed (p < 0.002) (Fig. 4a ). This increase amounted to SO% and ranged from 7 to 366% of ini tial values. Only in one case where P02 was close to 5 mm Hg did an individual wire record a CMF value just within the lower limit of variations ob served in CMF during control normoxic conditions ( ± 25%). Since in the rabbit grade I and grade II hypoxia resulted in comparable P02 values and sim ilar CMF alterations, these data were pooled and called grade II hypoxia. During this stage of hyp oxia (Po2 = 8.5 ± 2.3 mm Hg, Pao2 = 35.0 ± 2. 1 mm Hg), mean CMF values remained unchanged (Fig. 3b ). In this case 24% of P02 values were lower than 2.5 mm Hg and 22% of CMF values increased. Figue 4b shows that during grade III hypoxia (Po2 = 2. 0 ± 0.4 mm Hg, Pao2 = 30.2 ± 2. 0 mm Hg), a 45% increase in mean CMF was found compared with the initial control value (p < 0. 001). This in crease ranged between 10 and 240% of control. Thus, both in rats and rabbits, an absolute increase in CMF was observed during severe hypoxia (Po2 < 5 mm Hg).
DISCUSSION
The method that we used to study CMF is based on the washout of a freely diffusible inert gas intro duced into the tissue via inhalation "bolus." We decided to calculate CMF from the initial slope of the clearance curve since it gave a good correlation both with the CMF obtained by stochastic analysis of this curve and with the CMF calculated from the washout of H2 after saturation of the tissue with this gas (Harrison et aI., 1986) . Administration of H2 by saturation has the disadvantage of a long re cording time, which, especially during hypoxia, should be avoided to prevent the occurrence of ir reversible pathological changes. For the same reason, only a single clearance (instead of the at least six required for a histogram) was performed during hypoxia. In view of the observed CMF, temporal heterogeneity measurements that require longer times would also be a disadvantage. One critical point that should be discussed here is our cranial window preparation. According to Na vari et ai. (1978) , when using an open window prep aration, one should recognize that a progressive hypocapnia of the brain tissue develops within the aperture owing to the diffusion of CO2 out of that tissue in contact with the atmospheric air. In this respect, our preparation seems to be a closed one. As we have mentioned above, the brain tissue was covered during the experiment with one or the other of the two electrodes. Repetitive measure ments of P02 in this preparation did not reveal any changes unless the systemic variables were altered. The P02 histograms during normoxia and normo carbia remained almost unchanged over several hours (Fig. 5) . On the other hand, when Paco2 was changed toward hypo-or hypercapnia, we ob served shifts in the P02 distribution curves to the left or to the right, respectively. Similar left or right J Cereb Blood Flow Metab, Vol. 7, No.4, 1987 shifts in the O2 histogram have also been observed by other workers (Grote et aI., 198 1b) during changes in arterial CO2 tension.
Tissue P02 measured on the surface of the brain cortex is representative for the cortical oxygen ten sion. According to Lubbers et ai. (1969) , the cere brocortical surface P02 histogram does not differ from that measured with needle electrodes within the cortex. The tissue O2 histograms obtained in the present study during normoxia do not differ from those obtained in the brain cortex by Lubbers (1969) and Grote et al. (l98 1a) .
We observed a heterogeneity of CMF in both species under normoxic conditions. The highest microflow values exceeded the lowest ones by a factor of 36 in the rat and by a fa ctor of 26 in the rabbit. A heterogeneity in red blood cell flow and capillary pattern in the brain cortex was observed by Rackl et ai. (198 1) . These authors found coeffi cients of variation of red cell velocities ranging be tween 22 and 110% within individual capillaries. Our CMF heterogeneity reflects not only differ ences in the perfusion pattern between individual capillaries, but also heterogeneity in the capillary pattern in the brain cortex.
The difference in CMF between rats and rabbits, but lack of difference in P02 between the two species during normoxia, probably reflects higher CMR02 in the rat as compared with the rabbit (Siesjo, 1980) . We have found both in rats and in rabbits that during normoxia there are spontaneous decreases and increases of the CMF within the range of ± 25% of initial values that reflect tem poral heterogeneities of microflow.
As a result of hypoxia, we observed changes in CMF that were dependent on local cortical tissue Po2; i.e., some CMF values increased and some decreased much more ( Fig. 6 ) than those fluctua tions observed during repeated CMF measure ments during normoxia.
When the mean cortical tissue P02 was >5 mm Hg, a change in the pattern of microflow distribu tion was observed in the rat. In the rabbit a change in the pattern of microflow under these conditions was within the limit of norm oxic fluctuation. This again probably reflects a smaller oxygen utilization, which, under a moderate degree of hypoxia, does not necessitate a redistribution of flow at the capil lary level.
When mean cortical P02 was <5 mm Hg and the percentage of the lowest P02 values within the range 0-5 mm Hg exceeded 80%, an absolute in crease in microflow occurred. The absence of an absolute increase in microflow in the cerebral cortex during hypoxemia was also observed by Leniger-Follert et al. (1976) ; however, the method of microflow measurement used by these authors was slightly different. Hydrogen was generated lo cally in the brain cortex and microflow behavior was recorded continuously. Hypoxia was induced in these experiments by inhalation of 5% O2 in 95% N2 and lasted only 1 min.
According to our results, at this stage of severe hypoxia, microflow should increase. The discrep ancy of these results could be explained by the use of different anesthesia in these two studies. Nem butal as used in the Leniger-Follert et al. studies strongly diminishes oxygen demand in the brain cortex. Thus, diminished demand for oxygen in their experiments could explain why only a redis tribution of microcirculation was observed. This type of redistribution of microcirculation was de scribed by Kessler et al. (1976) .
A further important regulatory mechanism may involve a decrease in the blood flow through high flow capillaries to the benefit of an increased flow in the other capillaries. The existence of such a mechanism has recently been described in the skel etal muscle .
Thus, one can assume that there may be different lines of defense for compensatory CMF regulation when the oxygen supply of brain tissue is threat ened by hypoxemia. One may operate at the premi crocirculatory level to increase global CBF; a second could be responsible for the change in the pattern of microflow distribution and eventually serve to mobilize the reserve of blood flow nor mally conducted through high-flow capillaries.
The change in the pattern of microflow distribu tion in our experiments occurred at a degree of hypoxemia at which apparently global CBF has al ready increased (Siesjo, 1980 ). Smith et al. (1983 reported nonhomogeneous increase of CBF as measured autoradiographically during hypoxia. The increase in CBF in their experiments was most pronounced in the cortex, where basal CBF and CMR02 were also the highest. In their experiments the hypoxia induced corresponded with our grade III hypoxia during which the CMF increase was noted. It would have been interesting to know how local CBF measured by autoradiography might have changed during moderate hypoxia (equivalent to our grade II).
Although it is not clear at the moment how the regulation of local tissue flow is brought about, we can conclude that in the brain cortex efficient local regulatory mechanisms are in operation. They are responsible for a change in the pattern of microflow distribution during moderate hypoxia when global CBF has already increased and eventually lead to an increase in microflow when a critical level of tissue P02 is reached during severe hypoxia. This critical local P02 seems to be in the range of 0-5 mm Hg; therefore, the increased proportion of these critical tissue P02 values elicited a pro nounced and significant increase in capillary perfu sion. Further work is required, however, to define this critical level of P02 more exactly and to iden tify the local regulatory mechanisms involved.
